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Abstract

The interaction of phenol, methanol, and possible reaction products of phenol methylation with;the @y Fe,O4 system has been
studied by FTIR spectroscopy in the temperature range between 373 and 623 K. The spectra obtained from the chemisorption of methanol
onto Cy _ ,Co,FeyO4 above 373 K indicate progressive oxidation to formate and/or dioxymethylene and then to GQarZiOH.
Phenol is predominantly adsorbed as phenolate species by the dissociative adsorption on an acid—base site and the phenyl ring of phenc
is perpendicular to the catalyst surface, facilitating seleaitio methylation by methyl cations. Characteristic_o bands observed for
ortho-methylated phenols on the catalyst surface allow the identification of the same from the reaction mixture adsorbed on catalysts at
473 K, well below the optimum reaction temperature of 623 K, on Cu-containing catalysts. HowevesQzaffews little interaction of
phenol with MeOH, when they are coadsorbed, and might be a limiting factor to the overall reaction. Coadsorption of acidity probes with
phenol and methanol indicates that the same acid—base sites are ildsplonghe reaction. Methylated phenols show a weak interaction
with the surface compared to phenol and are susceptible to desorption at reaction temperatures and thus facilitate efficient methylation.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction Although there have been many reports on the catalytic
activity for phenol methylation on various systems, spectro-
Methylation of phenol with methanol results in a range Scopic data on the interaction of phenol, methanol, and their
of products such as anisolecresol,p-cresol, and dimethyl products with solid catalysts are scarce for understanding the
phenols including 2,6-xylenol, which are important interme- mechanistic aspects of the reaction. IR techniques are ideally
diates in the production of agchemicals, pharmaceuticals, suited for investigating the nature of adsorbed intermedi-
and polymer1,2]. A thorough literature survey of phenol ates in situ on the oxide surfaces. The spectra of adsorbed
methylation[3-20] revealed that there is a competition be- species provide information of any chemical changes that
tween O- and C-methylation and the acid—base properties ofoccur on the surface. Kotanigawa and co-worké&-18]
the system play an important role in the product selectivity studied the adsorption behavior of phenol and methanol on a
besides experimental factors. It is to be noted thaOgen ZnO—Fe0s system and highlighted the importance of acid—
combination with other oxides such as CdO, $n0OeG, base sites for the selectioetho methylation. However, a de-
NiO, CoO, CrOs, and ZrG show high selectivity t@rtho tailed study of the adsorption behavior of possible products
methylation[13-18} and reactants of phenol methylation on catalytic systems is
not available to date.
~* Corresponding author. Fax: 0091-20-2589 3761. Our earlier investigation$19-22] on the kinetic, cat-
E-mail address: gopi@cata.ncl.res.ifC.S. Gopinath). alytic, and spectroscopic aspects of the methylation of phe-
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nol on Cu _,Co,FeOs system revealed that these cata- of 99.99% pure M. The sample was kept at 673 K for 3 h
lysts are more efficient compared to other catalysts studiedand then the hydroxyl region of the spectra was measured.
for the synthesis ob-cresol and 2,6-xylenol. Here we re- The sample was then cooled to 373 K and vapors of phenol,
port the FTIR study of the adsorption of phenol, methanol, methanol, and the other reaction products were introduced
coadsorption of phenet methanol, HCHO, HCOOH, and intothe N> flow as noted above for 10 min. Since 2,6-xylenol
possible products like anisole;cresol and 2,6-xylenol on is solid at room temperature, it was dissolved in £&hd

a Cu _ ,Co,Fe04 system to understand the interaction of warmed to 318 K and introduced in the Kow. C-ClI vi-

the above compounds and to gain insight on the mechanismbrations do not interfere in the IR region of interest reported
of phenol methylation. The FTIR results are also discussed here and CGlis vaporized below 373 K also. After adsorp-
in relation to the catalytic data. tion of reactant(s) or product the IR spectra were recorded
at 373 K and then the catalyst temperature was slowly in-
creased under theNlow and spectra were recorded at dif-
ferent temperatures up to 673 K. A resolution of 4¢rwvas
attained after averaging over 500 scans for all the IR spectra

Cui_,Co,FeOs (x = 0, 0.25, 0.50, 0.75, and 1) sam- reported here. All spectra are presented here as the differ-
ples were prepared by a coprecipitation technique and char-NC€ spectra between the molecule adsorbed on catalyst and

acterized by various physicochemical techniques as reported®Ure catalyst surfaces. Except for hydroxyl spJeCcies, there is
in our earlier publicationfl9-21] FTIR spectra of the fer- N0 IR band observed between 3500 and 1000°con cata-

rite samples were recorded on a Shimadzu 8300 spectrom/ySt surfaces.

eter equipped with a MCT-A detector. IR studies of any of

the reactant-, product-, and pgime-adsorbed samples were

recorded in diffuse reflectance infrared Fourier transform 3. Results

spectroscopy (DRIFTS) mode. Calcined powder sample was

taken in a sample holder and placed in SpectraTech-made3.1. Adsorption of methanol

DRIFTS cell with a ZnSe window (Model 0030-067). Wa-

ter circulation of ZnSe window keeps the temperature below  FTIR spectra of methanol (bottom three traces) adsorbed
323 K even at a catalyst temperature of 573 K. The DRIFTS on three selected ayst compositionsx(= 0, 0.5, and 1)

cell is equipped with an inlet and an outlet to introduce at different temperatures were recorded and shoviignl

the probe molecules in a nitrogen stream and the vaporizedalong with HCHO and HCOOH (top two traces) adsorbed

molecules are adsorbed oretbatalyst. The samples were on Cuw sCopsFe04 at temperatures between 373 and 623

then heated in situ from room temperature to 673 K at a K. Bands around 2940, 2924, 2816, 1460, 1370, 1060, and
heating rate of 5 Kmin in a flowing stream (40 njimin) 1030 cnt! characterize the typical surface methoxy groups

2. Experimental
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Fig. 1. Temperature-dependent FT$Bectra of methanol adsorbed on,Cu, Co, Fe,O4 for three selected catalyst compositionsxof 0.0, 0.5, and 1 at
(a) 373, (b) 473, (c) 573, and (d) 623 K. IR spectra of HCOOH and HCHO adsorbed ©&C0yisFe,04 at different temperatures are also shown for
reference in the top two traces.
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Table 1

Bands corresponding to (a) methoxy and (b) formate speciesnebt from the FTIR by the adsorption of methanol on, CyCo,Fe,O4 and variety of
supports (from the literature)

(a) Methoxy

Assignment MeOH gas phase ) V-Ti-O TiOy FeO3 Present studies on @u ,CocFeO4
Refs.[33,36] Ref.[26] Ref.[35] Ref.[24] Ref.[23] x=00 x=05 x=10
vas(CH3) 2962 2970 2965 2965 - 2940 2941 2942
vs(CHg) - 2955 2935 2930 2920 2922 2921 2926
255(CH3) 2844 2844 2830 2830 2815 2818 2816 2818
Sas(CH3) 1455 1472 1452 1462 1460 1460 1450 1460
3s(CH3) - 1458 1438 1436 1440 1440 1437 1445
r(CHg) 1150 1200 1150 1151 - — - —
v(CO) 1034 1095 < 1080 1125 - 1055 1055 1060
5(COH) 1340 - 1370 1370 - - - -
(b) Formate
Assignment ZnAJOy Zn0O V-Ti-O TiO, Fe,O3 Present studies on @u ,Co,FeyOy
Ref.[37] Ref.[37] Ref.[35] Ref.[24] Ref.[23] x=00 x=05 x=10
vag(COO™) + §(CH) 2970 2960 2972 2970 - 2976 2972 2975
2950
v(CH) 2900 2882 2883 2885 2880 2887 2884 2889
2870 2870 2867 2873
vs(COO™) + §(CH) 2770 2740 - - - - - -
3as(COO) 1590 1580 1565 1575 1555 1575 1577 1588
1540 1560 1562
3(CH) 1395 1382 1378 1390 1376 1375 1378 1377
1380
vs(COO7) 1375 1365 1370 1372 1348 1364 1361 1360
1358 1360

due to MeOH adsorption at 373 R3-35] The various HCOOH and HCHO onx = 0.5 display bands around 2950,
bands due to methanol adsorption en= 0, 0.5, and 1 2876, 1570, 1370, and 1360 ch(Fig. 1b). These species
and their assignments are summarizedTable Ja along can readily be identified as formate ions, assigning the
with the literature data on relevant supports. Bands due to peak maximum at 2877, 1576, 1370, and 1360 &nre-
CHz of OCH;z are observed at 2945 cnt! (v5(CHzg)) and spectively to C—H stretching, COQasymmetric stretching,
2816 cmr! (255(CH3)) and they are in Fermi resonance C-H deformation, and COOsymmetric stretching vibra-
with each othef24]. The presence of OCHspecies dur-  tions[23-25] The difference between HCHO and HCOOH-
ing methanol oxidation is indicated by C—O stretching mode adsorbed surfaces becomes very clear at 573 K due to the
at 1060 cnml [23—-27] Other low-frequency symmetric and  equal intensity doublet peaks around 1585 ¢rfor the lat-
asymmetric methyl bands appear as low intensity shoulderster than the former. Similar formate species were detected on
at ~ 1440 and~ 1460 cntL. A comparison of MeOH ad-  adsorption of HCOOH on B©s [23,28], V-Ti oxides[24],
sorbed on different catalyst compositions at 373 K reveals and other oxide29-32] Thus the spectroscopic features of
that there is no significant difference among them. formate species produced by HCOOH are similar to those
Vibrations due to HCHO and HCOOH species are also of CHzOH and indicate that the G®H oxidation proceeds
observed due to methanol adsorption at temperatures highewia a formate intermediate.
than 373 K at 2952, 2875, 1570, 1375, and 1365 tm Reasonably strong bands are observed at 1645 and
[23-35] All these bands are well assigned and in good 1309 cnt!onx = 0and 0.5 due to HCHO and in correspon-
correspondence with the HCHO and HCOOH adsorbed ondence with adsorbed HCHO on= 0.5 at 473 K[23,25]}
x = 0.5 and literature values, summarizedTiable b. The however, onx = 1 the intensity of these bands decreases
band observed at 2975 crhis due to the Fermi resonance considerably. A weak band at 1622 this assigned to co-
vibration of both asymmetric COOstretching and CH de-  ordinatively bonded species through the carbonyl oxygen to
formation [24]. Adsorption of HCOOH and HCHO sepa- Lewis acid site$23].
rately onx = 0.5 enables the differentiation of formate and Heat treatment of MeOH-adsorbed catalysts above 373 K
methoxy species formed on the surface of these oxides; how-causes a considerable decrease in the intensity of bands as-
ever, both HCHO and HCOOH show vibrations at compara- sociated with OMe species; however, the formate species
ble frequencies due to similar carbonyl and C—H stretchings, at 2950, 2883, 2863, 1583, 1375, and 1360 ¢ngrows
indicating that it would be difficult to distinguish the for- in intensity Fig. 1b). Similar observations have already
mation of the above species on catalyst surfaces at 473 K.been detected on various oxides such agOzd23], TiO»
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[24,27] SnG [32], ZrO2 [34], V205 [34,35] and CpOs3

[38]. However, the shifts observed on Lu,Co,Fe0;4 in
comparison with the single component oxides are signifi-
cant to conclude that species formed om CuCo,Fe04

are indeed characteristic of a mixed phase. Splitting and re-
duction in intensity of several bands473 K indicate that
adsorbed MeOH undergoes chemical changes of oxidation
on Cuy _ ,Co,FeO4.

The adsorption behavior of G@H on Cy _ ,Co,Fe04
showing notable differencestveen Cu-containing samples
(x < 1) and CoFgO4 consists of the following: (1) The in-
tensity of adsorbed species at 473 K.oe= 1 is relatively
low compared ta < 1 and indicates that a high temperature
is necessary for the activation of MeOH on=1; (2) The
relative concentration of OCHspecies increases withat
473 K and a small amount persists even at 573 kkenl.
Contrarily, the intensity of fanate species increased to a
considerable extent at 473 K an< 1 compositions. This
shows that MeOH is susceptible to oxidation on< 1 at
lower temperatures than on Coia,.

It is clearly evident that at 573 K, MeOH is oxidized to
HCOOH onx = 0.5 and mostly HCHO onx =0 and 1.
Very good resemblance between MeOH or HCHO/HCOOH
adsorbed on catalysts at 573 K supports the above point.
Further new features observed at 1178 and 1070cim-
dicate the formation of dioxymethylene (DONB4] in all
three cases of HCHO, HCOOH, and MeOH adsorbed on the
x = 0.5 composition; however, the DOM features are not
apparent ot = 0 and 1. Further heating to 623 K leads
to desorption of HCOOH on = 0.5; however, some DOM
remains on the surface.= 0 and 1 resembles that of ad-
sorbed HCHO and HCOOH features, respectively. A mere
decrease in intensity of the HCHO featuresxoa: 0 from

T. Mathew et al. / Journal of Catalysis 227 (2004) 175-185

/L
7/
Phenol over Cu, _Co Fe,O,

Reflectance

3600 3300 3000 1800 1500
Wavenumber / cm™

1200

Fig. 2. Temperature-dependeTIR spectra of phenol adsorbed on
Cu; _ ,Co,FeyOy for three selected catalyst compositions of Xaj 0.0,

(b) 0.5, and (c) 1.0. Intensity scale is same in all panels. Note: the
2050—1700 cm? region is multiplied by a factor of 5 to show the features
clearly.

573 to 623 K suggests its desorption. Note the resemblanceing. The intense broad band at 1255 This due to C-O

between MeOH on =1 at 623 K and HCOOH on = 0.5
at 573 K. Formate species are somewhat stable enl

stretching vibration. A reasonable intensity C—O-H bend-
ing fundamental band appears at 1166 ¢rfor all catalyst

even at 623 K; whereas both the above species are hardlycompositions up to 473 K. The presence of a series of defi-

found onx < 1 samples at 623 K, indicating that MeOH is
mostly reacted om < 1 spinel surfaces to CO, GQOand H.
Finally, C—H stretching vibrations are observed up to 623 K
with relatively high intensity onr = 1.

3.2. Adsorption of phenol

Fig. 2 shows the temperature-dependent FTIR spectra of
phenol adsorbed on GQu,Co,Fe0O,4 (x = (a) 0, (b) 0.5,
and (c) 1), between 373 and 623 K. Strong bands at 1587,
1485, and 1256 cmt are observed due to phenol adsorp-
tion. The band and shoulder at 1587 and 1595 tifclear
at 473 K) are assigned teg; and vgp deformation vibra-
tions of the aromatic ring, respectivdgB9,40] These bands
are displaced to lower as compared to bands at 1604 and
1596 cnt! phenol in CC} [40]. The single broad intense
band observed at 1485 cthat 373 K is resolved into two
components at 1485 and 1473 that higher temperatures
ascribed to normal modes; g, and vigp of the aromatic

nite low-intensity bands along with sizeable intensity bands
at 1930, 1850, and 1780 crhis due to out-of-plane aro-
matic C—H bending in the region 2050-1700 ¢hand is

an indication of perpendicular orientation of phenol over
these oxidef41]. The spectrum in the C—H stretching region
shows absorption maxima at 3068 and 3025 &mwhich is
typical of the C—H stretching vibration of the aromatic ring
of phenol. A series of bands observed between 4000 and
3400 cnt! and 1750 and 1540 cnt indicates the pheno-
lic O—H stretching as well as stretching vibration of O—H
due to the dissociative adsorption of phenol.

Heating to 473 K and above leads to a depletion of band
intensity at 1587, 1485, and 1255 cthand splitting into
several low-intensity components. It is to be noted that ap-
proximately 80—90% of the band intensity observed at 373 K
is retained onr = 0.5 at 473 K too; however the band inten-
sity decreases to 50% an= 0 and 1 at 473 K. The band at
1587 cnt1 is shifted to 1582 cm?! and the shoulder associ-
ated with this band is well resolved at 473 K and appears at
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1596 cn. An apparent single peak at 1485 that 373 K Anisole over Cu  Co Fe,O,
starts splitting into two cmponents at 1473 and 1485 th

at 473 K and grows as separate peaks on further increase
of temperature. The broad band at 1255 énsorrespond-

ing to vc_o Vibration is clearly split into two low-intensity
components, indicating the formation of different phenolic
species on G ,Co,Fe,O4. The appearance of-_o band

at 1288 cm! at 473 K is indicative of deprotonated phe-
nol, in which the C-O bond is further strengthened. A high-
frequency shift of thevc_o vibration has been reported for
phenolate in basic aqueous solut[d2,43]

On increasing the temperature 573 K, an overall
broadening of peaks is observed; nonethelessctke0.5
composition shows relatively intense peaks than other com-
positions. There is a good similarity amorg= 0 and 1
compositions, especially in the 3800-3550 ¢m(OHsy)
and 2050-1700 cmi regimes; however, the = 0.5 com-
position shows a fast depleting intensity. Further the noise
level is high forx = 0 and 1 in the overtone regime than
x = 0.5. Thevc_o band at 1288 cm is weak onx = 0.5
than the other compositions. The above observations sug- 3750 3600 3450 3300 3150 3000 2850
gest that desorption of phenolic species is fast73 K on Wavenumber / ecm”’

x = 0.5 and there is a gradual desorption with increasing .
temperature on other compositions. Fig. 3. Temperat_ure-dependent IRT spectra of anisole adsorbed on
Clug 5Cop 5F&04 in the range of 2050-900 cnt (top panel) and
) ) 3800-2700 cm? (bottom panel). Note: the 2050-1700 thregion is
3.3. Adsorption of anisole multiplied by a factor of 5 to show the features clearly.

Reflectance

_Fig. 3shows the temperature-dependent FTIR spectra of Above 473 K. no out-of-plane aromatic C—H bending peaks
anisole adsorbed on G¥C0p.sF&04. In the region of aro- 56 gpserved, indicating a change in orientation of anisole
matic ring (C=C) vibrations (top panel) prominentpeaks are - gjecules from perpendicular to parallel (or tilted) toward
observed at 373 K at 1594 and 1493cmCorresponding  he surface. A shift in the frequency of bands and negative
peaks for liquid anisole are at 1600 and 1500 €np47], bands confirm the weak interaction of anisole with the cat-

indicating that anisole is weakly bonded to the surface. At 5yt surface and the fast desorption from the surface as the
least three overlapping bands are observed between 108Qemperature increases.

and 1000 cm?, indicating the presence of3@—O vibra-

tions of anisole. The major peak at 1242 chis due tovc_o 3.4. Adsorption of o-cresol

of CsHs—O vibrations; however, anotheg_o observed at

1290 cnt! with reasonable intensity indicates that there  Fig. 4 shows FTIR spectra ob-cresol adsorbed on
could be dissociation of anisole to some extent and henceCuy sCay sFe;04 at different temperatures. The above spec-
phenoxide formation. Low-frequency symmetric and asym- tra are almost similar to those of adsorbed phenol with
metric methyl bands appear at 1447 and465 cnt! and it some changes. The spectra show major bands at 1615, 1593,
is likely that aromatic &C vibrationv1gp overlaps with the 1575, 1483, and around 1450 cidue to aromatic ring
above bands. Bands detected in the range 2050-1708 cm vibrations. The splitting observed with the above aromatic
indicate that the orientation of the aromatic ring is perpen- vibrations are typical foo-cresol and attributed toga, vgp,
dicular to the surface. Bands at 3062 and 3008 trare v19a andvigp. However, the intensity of the above aromatic
due tovc_y of the aromatic ring Fig. 3, bottom panel). vibrations is significantly low compared to that of phenol
Additional vibrations observed at 2947, 2922, 2840, and and indicates its interaction with the catalyst surface is low.
2810 cnt! are due to the Ckigroup of anisole. Onincreas-  The broad band observed at 1248 ¢nwith two shoulders

ing the temperature to 473 K, some important variations of at 1270 and 1292 cnt is due to the stretching vibration of
these peaks are observeg. o intensity at 1242 cm? de- the C—O bond. The low intense band observed at 1375cm
creases and this is in contrast to the observation of phenolis due to the symmetrical bending mode vibration of thegCH
onx = 0.5 at 473 K. Clear C—hkr peaks of methyl group  group. Symmetric and asymmetric methyl group bands are
appear at 1375 and 1355 chand the methyl band inten-  observed at 1445 and 1460 ch respectively. Like phe-
sity decreases around 1460 thA corresponding change  nol, adsorption ob-cresol also produces bands in the range
in the C—Hy, regime shows a peak at 2880 thand fur- ~ 2050-1700 cm?® with a clear broad band at 1900 chat

ther supports the dissociation of methyl groups from anisole. all temperatures studied. The above observations lead to a



180 T. Mathew et al. / Journal of Catalysis 227 (2004) 175-185

Ortho-Cresol over Cu  Co  Fe O, 2,6-Xylenol over Cu  Co Fe O,
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Fig. 4. Temperature-geendent FTIR spectra afrtho-cresol adsorbed on
Cug.5C0p 5F&04 in the range of 2050-900 cit (top panel) and 3800—
2700 e (bottom panel). Note: the 2050—1700 chregion is multiplied

by a factor of 5 to show the features clearly.

Fig. 5. Temperature-dependent FT#Rectra of 2,6-xylenol adsorbed on
Cup 5Cop 5Fe04 in the range of 2050-900 crt (top panel) and 3800—
2700 cnm 1 (bottom panel). Note: the 2050—1700 chregion is multiplied
by a factor of 5 to show the features clearly.

conclusion that the aromatic ring ofcresol is perpendicu-
lar to the catalyst surface. The bands observed between 298 g ' i
and 2850 cm? are attributed to the vibrations of Gigroup ~ Pand at 1375 and 1355 crh is clear due to bending vi-
of o-cresol. OH stretching vibrations observed fecresol ~ Dration modes of Ckigroups in 2,6-xylenol. Unlike phe-
between 3800 and 3400 crhare comparable to those of nol ando-cresol, the intensity ofc_o stretching band de-
phenol Fig. 2 onx = 0.5. An increase in temperature to creased considerably and shifted to 1_232‘13175“9963“”9

> 473 K, generally, depletes the intensity of all the bands. the weak interaction of 2,6-xylenol with the catalyst sur-
However, the intensity ofc_o band is slightly higher than face. Additionallyvc_o bands with comparable intensity
the intensity of various aromatic ring vibrations, indicating are observed at 1264 and 1212 chralso at 373 K. It is
the high strength of adsorption through oxygen atoms. Fur- also to be noted that the aromatic ring vibrations around
ther a newc_o band appears at 1207 cth Thevc_oband 1600 cn1! are higher in intensitgompared to the band at
shifts significantly to 1230 cmt with the newvc_o band 1543 cnmt. Bands around 1600 cm are equal in inten-
still present at 573 K. Though the intensity of all the peaks Sity and are attributed to the high symmetry of 2,6-xylenol
decreases as the temperatinereases, a majority of the than a triplet with different intensity fos-cresol. Symmet-

(ibrationsviga and vigp, respectively. Unlikeo-cresol, the

bands persist even at 623 K, suggesting thatesol is still ~ ric and asymmetric methyl group bands are observed at 1460

bound significantly with the aromatic ring perpendicular to and 1430 cm’, respectively, with good intensity. Bands at

the surface. 1910, 1840, and 1780 cm with definite intensity and other
low-intensity features between 2050 and 1700 érindi-

3.5. Adsorption of 2,6-xylenol cate that the aromatic ring of 2,6-xylenol is perpendicular to

the catalyst surface. The bands due tos@irbups appear at

FTIR spectra of 2,6-xylenol adsorbed on @&Cog 5 2974, 2950, 2930, 2870, and 2855 chand aromatic C—H
Fe O, at different temperatures are shownhig. 5 Ad- stretching is observed at 3066 and 3020¢m
sorption of 2,6-xylenol at 373 K onr = 0.5 produces a Increase in temperature geally decreases the inten-
doublet in the aromatic region around 1600 and another sity of all the peaks and indates that the interaction with
feature at 1543 cmt due to the aromatic ring stretching the surface decreases rapidly. However, aromatic ring vi-
vibrations vg, and vgs, respectively. The bands observed brations and theic_o band at 1210 cm remain high in
at 1483 and 1450 cri are attributed to the aromatic ring  intensity at 473 K. The above peak is to be compared to a
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Fig. 6. Temperature-dependentIRTspectra of phenol to methanol of 1:5 mole ratio coadsorbed gn GC€o, Fe,Oy4 system. (a) = 0.0, (b) x = 0.5, and
(c) x = 1.0. Note: the 2050—1700 cnt region is multiplied by a factor of 5 to show the features clearly.

similar peak ino-cresol at 1207 cmt and hints that this
peak is very specific fasrtho-methylated phenols. A further
rise in temperatureX 573 K) decreases the intensity of the
overall spectrum, indicating the desorption of 2,6-xylenol.
Thus, 2,6-xylenol desorbs fast from the surfaged73 K

tions broadens at high temperaturesxor 1 and a shoul-
der, characteristic obrtho-methylated phenols, is visible
around 1210 cm?; note the large valley between bands at
1250 and 1166 cmt on x = 1 and a distinct shoulder at
1280 cmr! at 473 K. (f) A newvo_ stretching band ap-

than o-cresol or phenol. Increase in temperature does notpears around 3340 cmh on x = 1 at 473 K and increases

cause any change in peak positions.

3.6. Coadsorption of phenol and methanol

in intensity at 573 K; such a band appearsxos 0.5 with
weak intensity and no band at 3340 chon x = 0 indicates
that this band is somewhat specific to cobalt ions. (g) The

Fig. 6 shows the temperature-dependent FTIR spectra C—O—H bending band at 1166 crh disappears< 573 K

of Cu;_ ,Co,FeO4 catalysts exposed to 1:5 mole ratio

on x < 1; however, it strongly persists on=1 at 623 K;

of phenol:methanol at 373 K and subsequently heated up©O—Hstr bands also persists at 623 K or= 1 and disappear
to 623 K. Very interesting features observed due to the 9radually with increasing temperature for< 1. (h) The

above reaction mixture changéth temperature and cata-
lyst composition too. The main points worth highlighting

from the coadsorption of phenol and methanol are as fol-

aromatic ring vibration of phenol at 1585 cris shifted
to 1593 cm! and exhibits a shoulder at 1570 th The
narrow band at 1481 cnt observed on phenol adsorption

lows. (a) First, phenol features dominate all the catalyst iS shifted to 1487 cm* and overlapped with an additional
surfaces despite a low phenol content in the reaction mix- band at 1472 cmt. The above four bands are characteris-

ture. (b) Low-intensity c_o bands of methoxy moieties are
observed around 1067 crhat 373 K, and its intensity in-

tic bands ofo-cresol and 2,6-xylenol. (j) Out-of-plane C-H
(overtone) vibrations between 2050 and 1700 érare seen

creases with increasing Co content on the catalyst. How- Nicely for all catalyst compositions; however, it disappears

ever, the methoxy moiety disappears at 473 Kxor 1,
and a weak band om = 1. (c) No bands due to formate
or HCHO or DOM species due to MeOH oxidation were

for x =0 and 0.5 at> 473 and> 573 K, respectively; It
remains observed on= 1 at 623 K. All the above points
hint that the coadsorption of methanol and phenol leads to

observed at any temperature on any catalyst composition,@ good interaction among them above 373 Kxwr 1 and
demonstrating that the MeOH oxidation is prohibited in the there are indications toward methylated product formation at

presence of phenol. (d)c_y stretching vibrations due to
MeOH disappear mostly at 473 K on< 1, but at 573 K
on x = 1. Similarly, ve_n stretching vibrations of phenol
disappear with increasing temperatureor: 1; however,
the intensity of the above barad any temperature increases
with Co content. Further = 1 does not show considerable
desorption of phenol up to 623 K. (e) A sharp_o band
appearing at 1250 cnt at 373 K on all catalyst composi-

473 K. Contrarily, CoFgO4 indicates a low profile interac-
tion among the reactants, even at 573 K, and in combination
with the above points indicates that the phenol dissociation
and methyl cation availability could be the limiting factors to
the overall methylation reaction; however, trého methyl-
ation step is somewhat fast and occurs at around 473 K on
Cu-containing compositions, suggesting the importance of
CU?t in the spinels.
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4. Discussion metal cation (Lewis acid site) whereas the dissociateahl
a nearby oxide ion. Thus a series of O—H bands are formed
4.1. Reactivity of methanol on Cu; _ ,Co, Fe,O4 in the range of 4000 and 3400 cr(Fig. 2.

A close examination of bands in the region 2050-1700
A Comparison of the IR Spectra of QBH’ HCHO and Cm_l for phenol and methylated phenols reveals a num-
HCOOH Fig. 1) on Cu _ ,Co,Fe04 reveals methoxyla- ber of low-intensity out-of-plane combination bandd];

tion on the surface and subsequent oxidation. A likely mech- however, these bands appear for phenol as well as methy
anism for methoxy formation on the surface of oxides is lated phenols. It is also known that chemisorbed aromatic

given below[32,44} molecules with the plane of the aromatic ring parallel to the
adsorbent surface lead to a loss in the intensity of out-of-

/0\ o plane C—H vibrationg45,46,48] When the aromatic ring
MQ/M\ CHO /. /OH of PhOH molecule is perpendicular to the surface the out-
<7 e - /M M\ of-plane C-H ring vibration can be observed, as there is
" no interaction with the surface. Our recent IR study of N-
CH,QD) methylation of aniline with methanol on Qu .Zn,Fe04

L , [49] also supports the above conclusion. In the case of the
Pyridine adsorption also demonstrates a trace amount ofgromatic ring parallel to the surface and its interaction to

Brensted acid sites on catalyf#d] and no molecular water e syrface through a phenyl ring, the above vibrations are
is produced during methanol chemisorption. This sUPPOrts geyerely restricted as it is very close to the surface and hence

that the most likely mechanism is dissociative chemisorp- those hands are not observed in[#R,45,46,48,49]From
tion. Methoxy species on oxide surfaces are progressively ihe above points, it is concluded that the phenol and meth-

converted to formate species373 K and indicate that the ylated phenol molecules are adsorbed through O atoms to

catalytic oxides are reacttoward methanol. However= ihe | ewis acid sites whose aromatic ring is perpendicular or
0.5 shows a direct oxidation to DOM through an intermedi- nearly perpendicular to the plane of the oxide.
ate of formic acid.x = 0 indicates the oxidation to HCHO This situation is quite similar in the case of coadsorption

at 623 K and no evidence of HCOOH/DOM was observed. of phenol and methanol. Methanol is adsorbed onto the pro-
x =1 composition shows the oxidation to formic acid at tons released by phenol, which in turn interact withartbo

623 _K through HCHO. I_—Iowever, all catalyst compositions position of the phenol, as shownFig. 7 [50] This interac-
oxidize methanol to typical reformate products above 573 {jon governs the orientation of the aromatic ring of phenol
K, which is confirmed by products analysis. Photoemission gnq the presence of bands in the range 2050-1700* cm
and X-ray diffraction analyses of spent catalysts also show g, ggests that the aromatic ring of phenol is almost perpen-
that the presence of Cu and Cand the amount of reduced  gicylar to the surface while interacting with methanol. From
Cu species increases with Cu contgif]. Further, the for- the above, it is apparent that thesta and para positions
mate concentration in the case of Cu-containing spinels is gre far removed from the surface, and further supported the
higher than that of Cok©4 indicating that the presence of  gpsence ofmeta- and/orpara-methylated productfl9,50]

Cu has a promoting role in their formati¢87]. Relatively  The adsorption state ofcresol and 2,6-xylenol supports the
high concentrations of formate species on CGabeat 623 above points.

K indicate its stability. Although all the catalyst composi- The vc_o bands for chemisorbed methyl phenols show
tions show a general trend toward methanol adsorption andy characteristic stretching at 1210 thy which is not at
subsequent oxidation, the small amount of methoxy speciesy|| observed for phenols. The nature and appearance of the
observed at 573 K and reasonable amount of formate speciegpovevc_g band for phenol in the presence of methanol at
seen oy = 1 at 623 K suggest that methanol seems acti- 473 K are similar to those af-cresol and 2,6-xylenol. The
vated only at high temperatures on CgBg. Kinetic data  intensity of aromatic C—H stretching vibrations decreases in
on theortho methylation of phenol also leads to the same ntensity as expected from phenoldecresol to 2,6-xylenol,
conclusion that, unlike Cu-containing compounds, G&iz¢ ~ as the number of such C-H bonds decreases; however,
shows high phenol conversion aatho-methylated phenol  methyl group stretching vibrations do not show any change
selectivity at 648—-673 K, whereas for Cu-containing cata- in intensity betweem-cresol and 2,6-xylenol. Generally, as

lysts it is at 623 K[19]. the number of CH group increases the overall intensity
of various bands decreases considerably compared to phe-
4.2. Reactivity of phenol and phenolic products on nol, which indicates that the interactionatho-methylated
Cuy — Co,Fex04 products interaction with the catalyst surface decreases from
phenol too-cresol to 2,6-xylenol and is highly susceptible
IR studies of adsorption of phenol on Cu,Co,Fe04 to desorption at high temperatures. This is an essential reg-

show both phenol and phenolate-like species. Phenolateuisite for achieving efficient methylation. Thus it is highly
species are formed due to the dissociative adsorption of pheplausible that the aromatic rings of theseho-methylated
nol on an acid—base pair site. Phenolate ion is adsorbed on ghenols have become somewhat tilted toward the surface at
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Fig. 7. A cartoonist view of meamnism for phenol methylation.

high temperatures above 573 K. This is evidenced from the Anisole:MeoH (1:5) on Cu  ,Co Fe O,
disappearance of series of out-of-plane C—H overtone bands %“""WW%
between 2050 and 1700 crhfor ortho-methylated phenols \ :
(Figs. 4and b W\ ;

4.3. Mechanism of phenol methylation on
Cuz — xCo,Fex0O4

IR studies clearly showed that surface-bound methox- ELMJ\/
ides or strongly polarized O-H bands were formed when

methanol is adsorbed on €u,Co,Fe04. Similarly phe- 2000 1850 1700 1550 1400 1250 1100 950
nol is dissociatively adsorbed on nearby acid—base pair sites 3K

as phenoxide ions and protons. The dissociated proton from W
phenol has a governing role in the fate of methanol mole- 0.05
cules, which facilitates the formation of carbocation quite 573 K RPNV e
easily by protonating methanol. Thus the chemisorption of '

Reflectance

A AN

phenol on the oxides undoubtedacilitates the protonation W
of methanol. It has been reported that methylation of phe- g

nol is initiated by the protonation of methanol with the aid
of a Lewis acid—base pdjit8] and the protonated methanol
attacks theortho position of phenol to form theortho- 373K
methylated products.

There are two potential sites of OH groups and Lewis
acid—base centers for methanol adsorption. Since the OH
group of the present catalyst is incapable of protonating evenrig. 8. Temperature-dependent IRTspectra of anisole and methanol
strong bases like pyriding1,50], it is highly unlikely that of 1:5 mole ratio coadsorbed on ggCoysFe0O4 in the range of
they could interact with methanol. Hence, Lewis acid—base 17001000 cm™ (top panel) and 3200-2700 crh (bottom panel).
sites are the most probable sites for methanol chemisorption
on Cu _ ,Co,Fe04. This is true when methanol is a sole leading to a seconaltho methylation which leads to the for-
reagent. However in the presence of phenol, both methanolmer and its fast desorption at reaction temperatures.
and phenol may compete for the same active center. Since The above suggested phenol methylation mechanism
phenol is capable of releasing proton faster, phenolate andwas verified by two different experimentBig. 8 shows
proton adsorb relatively easily on a nearby acid—base pairthe temperature-dependent FTIR spectra of a 1:5 ratio of
site. Protons released from phenol are quite mobile and ca-anisole:methanol coadsorbed ongGGop sFeO4. A clear
pable of protonating CkDH molecules leading to G4+ domination by MeOH-derived species is evident on the
cations Fig. 7). Thus the methanol molecule is directed catalyst surface- 373 K from the bands at 2950, 2925,
to adsorb on H released from phenol for methylation and 2816, 1460, 1375, 1365, and 1070 th Aromatic C=C
hence the active center fortho methylation is likely to be stretching of anisole features observed at 1600, 1500, and
an acid—base pair site. An important point to be noted is that 1250 cnt! decreases in intensity with increasing temper-
the intensity of various bands due to 2,6-xylenol decreasesature and no aromatic C-H stretching can be seen at any
significantly at high temperatures: (573 K) compared to  temperature. The above obgations indicate the weak ad-
o-cresol and hints to a longer residence time of the latter sorption of anisole and itis opposite to Ph@#eOH coad-

3200 3100 3000 2900 2800 2700
Wavenumber / cm™
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(a) Sequential Adsorption of PhOH, Py, MeOH tion. The above results also indicate that the pyridine and
phenol are equally competing for the adsorption sites when
W~l on ii adsorbed sequentially, but pyridine competes at a higher
SR level in the case of coadsorption.

(i) - i Fig. 9c shows both the sequential and the coadsorption of
methanol and pyridine. Sequential adsorption of methanol
and pyridine carried out at 323 K clearly demonstrates the

L L initially adsorbed methanol is displaced fully by pyridine.
(b} PhOH  Eyriding Co-adsarptio — Coadsorption of a 1:1 ratio of methanol and pyridine also
8 573 K shows that there is hardly any methanol features and is domi-
£ 473K nated by pyridine features 373 K. This result demonstrates
‘du: that the weakly acidic methanol can be displaced easily by
= M strongly adsorbing pyridine. The weak methanol features in
(14 M Figs. 6 (phenol+ methanol)and & (pyridine+ methanol)
ot I e i vt clearly support the phenol methylation reaction mechanism
(c) MeOH+Pyridine Adsorption and justifies the strong domination of the catalyst surface
Co-adsorption by phenol. The above results also indicates that despite the
M high methanol content in the phenol methylation feed, on
e St s the catalyst surface it may be close to a 1:2 ratio of phe-
(ii) Pyridine on i Sequential Ads. nol:methanol and also supportsetheaction stoichiometry.
- A large amount of MeOH in the reaction mixture was nec-
M essary due to the above weak interaction of MeOH to the

LA LU UL
1700 1600 1500 1400 1300 1200 1100 1000

catalyst surfaces.

C-alkylation can take place either by a direct route or
by the isomerization of O-alkylation product. To decide be-
Fig. 9. FTIR spectra recorded on §Cap sFe;04 for competitive adsorp-  tween these two routes, anisole was passed over the catalyst
tion of reactants: (a) sequential adsorption of phenol, pyridine, and then under optimum reaction conditiof$9,50] No isomerized
methanol at 373 K; (b) temperaturepimdence of coadsorption of phe- products (cresols) were obtained. Thus these compounds do
nol and pyridine, and () sequential adstion of methanol and pyridine at s yave any activity for the transformation of anisole into
323 K and coadsorption of methanol and pyridine at 323 and 373 K. . . . .

o-cresol in the catalytic conversion of anisole at 623 K. It
may be noted that this is in contrast to the behavior of alu-
sorption Fig. 6), where the surface is dominated by PhOH mina, on which alkyl phenyl ethers undergo isomerization to
features. Actual catalyticeactions were carried out with a  C-alkyl phenolg6].
1:5 ratio of anisole:methanol at 623 K on §3C0 sFe 04,
as described in our earlier paper for phenol methyldti®h
Neither significant anisole conversior: @4 wt%) nor or-
tho-methylated anisole selectivity (about 1%) were observed
and support the dissociative mechanism suggested for phe- The present work describes the FTIR adsorption of re-
nol methylation. actants and products of phenol methylation on CuCo,-

Sequential and coadsorpticof reactants with acidity = Fe,O4. FTIR adsorption of methanol on €u,Co,FeO4
probe molecules of pyridine were carried out at different indicates a dissociative chemisorption of §bH to methox-
temperatures on QwCoysFeO4 to find out the compet-  ylation as well as oxidation of methanol even at 373 K.
itive nature of adsorption ofeactants on the surface and As the temperature increases, methoxylated species were
the results are shown iRig. 9. Fig. Sa shows the sequen-  progressively converted into formaldehyde, formate, and
tial adsorption of phenol, pyridine, and then methanol at dioxymethylene species, and above 573 K complete oxida-
373 K. Phenol and pyridine features coexist after pyridine tion takes place to CO, CQand H. Methoxy and formate
exposure to a phenol-adsorbed surface; however, hardly anyspecies are comparatively unstable on Cu-containing sam-
methanol features are seen with subsequent methanol adples due to the presence of easily reduciblé'Cion.
sorption.Fig. 9% shows the coadsorption of a 1:1 ratio of IR studies of phenol adsorption on Cu,Co,FeOs
phenol and pyridine at 373 K and at higher temperatures. show signals of both undissociated phenol and phenolate-
The catalyst surface is cléardominated by pyridine fea-  like species. Phenolate specées formed due to dissociative
tures at 373 K; however, phenol features are also seen atadsorption of phenol on an acid-base pair site. Chemisorbed
1595, 1587, and 1230 cmh. At 473 K phenol features de-  phenol molecules are adsorbed through oxygen atoms to the
crease in intensity, and a feature at 1540 ¢rappears and  Lewis acid sites with aromatic rings perpendicular to the
increases in intensity 473 K is due to pyridinium ionf21] plane of the oxide. Aromatic rings of methylated phenols
and supports the dissociative mechanism of phenol methyla-also interact in a very similar manner and out-of-plane C-H

Wavenumber / em”

5. Conclusions
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vibrations are observed supporting this point. Also it is found [14] M. Misono, N. Nojiri, Appl. Catal. 64 (1990) 1.
that methylated phenols have weak interaction with the sur- [15] B.E. Leach, US patent 4227024 (1980). _
face in comparison with phenol and are highly susceptible [16] T. Kotanigawa, M. Yamamoto, K. Shimakowa, Y. Yoshida, Bull.

to d bing f th f the t ¢ . Chem. Soc. Jpn. 44 (1971) 1961.
0 @esorbing from the surfacs the emperature INCreases |17 1 kotanigawa, K. Shimakowa, Bull. Chem. Soc. Jpn. 47 (1974) 1535.

and thus facilitate efficient methylation on Cu, Co,Fe;04 [18] T. Kotanigawa, Bull. Chem. Soc. Jpn. 47 (1974) 950.
system. [19] T. Mathew, N.R. Shiju, K. Sreekumar, B.S. Rao, C.S. Gopinath,
It is found that methylation of phenol is initiated by the J. Catal. 210 (2002) 405;

rotonation of methanol with the aid of a Lewis acid—base |- Mathew, S. Shylesh, B.M. Devassg.V.V. Satyanarayana, B.S.
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